Nonsense mediated mRNA decay (NMD) denotes that nonsense mutations, or errors in gene expression which introduce a premature translation termination codon (PTC), can lead to a reduction of mRNA level in any organism. Remarkably, whether a PTC will lead to NMD often depends on the presence of a downstream intron, splicing of which marks a spliced mRNA by deposition of the exon junction complex (EJC) in mammalian cells so as to affect its translation and degradation in the cytoplasm. Saccharomyces cerevisiae, which has introns only in 5% of its genes and lacks proteins essential for the EJC assembly, was not expected to undergo splicing-dependent NMD. Conversely, here we report that the presence of an intron can also enhance NMD in this organism. Following screening for genes that might be specifically involved in splicing-dependent NMD, we identified splicing factor Prp17 and surprisingly found that a portion of it co-sediments with ribosomal fractions.
Introduction
Interrupting translation can greatly reduce mRNA levels in cells. The most apparent demonstration of this effect is the process of nonsense mediated mRNA decay (NMD). NMD occurs when nonsense or frameshift mutations or errors in transcription or pre-mRNA processing produce abnormal mRNAs encoding either a premature translation termination codon (PTC) or introduce other changes that place the normal stop codon in an atypical sequence context (1) (2) (3) (4) (5) . NMD affects a large portion of a cell transcriptome and it is understood that, by destroying transcripts that could produce wasteful or toxic peptides, it might serve as a mechanism for increasing fidelity and efficiency of gene expression, and hence organism viability and development (6, 7) . The consensus view is that NMD represents the functional output of an mRNA surveillance process that requires the concerted function of a core of evolutionary conserved proteins, including UPF1, UPF2 and UPF3, to discriminate and destroy mRNAs with a PTC or a PTC-like feature (3, 8) ; yet the molecular mechanism that would discriminate PTCs from normal stop codons remains unsatisfactorily understood in any organism (9) . It is in fact debatable whether cells have such a specialized mRNA decay pathway at all; NMD could in part be a passive consequence of ribosomes detaching prematurely, leaving the transcript unprotected by scanning ribosomes (9) .
Particularly, current models cannot fully explain the link between pre-mRNA splicing and NMD that has been observed in different organisms. Initial studies in human cells have concluded that a PTC induces strong NMD primarily when located upstream of an intron (10) (11) (12) (13) . Although some later studies have downplayed this early view that NMD is strictly linked to splicing in mammalian cells (14) (15) (16) (17) , the presence of downstream introns remains a strong genome-wide predictor of whether a PTC will lead to NMD in mammalian cells (18) (19) (20) . Splice junctions are marked by the exon junction complex (EJC) -a multiprotein complex that binds mRNAs at splice junctions in the nucleus and remains associated with the mRNP until it is removed by the translating ribosome in the cytoplasm (21-23).
Therefore, current models predict that the presence of one or more downstream EJCs is what distinguishes PTCs from normal stop codons which, since they are typically located in the last exon, have no downstream EJCs (24,25).
One study has reported that the EJC deposition might also enhance NMD in the evolutionarily distant organism Neurospora crassa (26). There are, however, examples of splicing-dependent NMD that the EJC model cannot explain (17, (27) (28) (29) . Specifically, we have previously reported that splicing can enhance NMD in Schizosaccharomyces pombe, regardless of whether a PTC is located downstream or upstream of an exon-exon junction, and also in mutant strains lacking core EJC proteins (30). These observations raise the possibility that there is a mechanism other than the EJC deposition that links splicing to NMD in S. pombe, and possibly other organisms.
S. cerevisiae is the first eukaryote in which NMD has been described (31); and extensively studied thereafter. Characteristically, only nonsense mutations that are close to the start of the coding region lead to obvious NMD in this organism (8, (31) (32) (33) . Current models predict that PTCs further downstream do not induce NMD because they are sufficiently close to the normal 3'UTR to allow an interaction of poly(A) binding protein (PABPC) with the prematurely terminating ribosome which inhibits NMD (34). However, the alternative possibility that PTCs at these positions do not cause NMD because there are no introns nearby has not been tested. Only a minority of protein coding genes contain introns in budding yeast -285 out of 5749 based on a recent survey (35); yet, these include ribosomal proteins and other highly expressed genes, hence pre-mRNA splicing is very efficient in this organism with more than 24% of the cellular mRNA estimated to be spliced (35-38).
Although S. cerevisiae genome does not encode Y14 and MAGO, proteins essential for the EJC assembly in mammalian cells (23), in view that splicing-dependent NMD does not require the EJC in S. pombe, we set to investigate whether splicing can also enhance NMD in this model organism in which there is extensive information on splicing and the factors involved (39). Various gene-constructs were examined with an intron either upstream or downstream of a PTC and at different distances, and found that at either position it can enhance NMD. Furthermore, following a screen for genes that might be specifically involved in splicing-dependent NMD, we identified splicing factor Prp17 and discovered that a substantial proportion of it co-sediments with monosomal mRNA. The observations indicate that splicing-dependent NMD might be mechanistically distinct from cytoplasmic NMD and predict that Prp17 couples splicing with translation by a mechanism other than deposition of an EJC-like entity in yeast.
.
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Materials and Methods

Plasmids and strains
GFP-based NMD reporters were generated by cloning the coding sequence of the S65T GFP variant (accession number BD062761) into the BamHI sites of either pRS416 or pRS304 vector, flanked by TDH3 promoter and terminator sequences (40). Mutations were introduced by overlapping PCR and verified by sequencing. The intron of the pGFP-ivs construct derives from ACT1, CYH2 or UBC4 gene, which were all amplified from S. cerevisiae genomic DNA and cloned into the PmlI site at position 328 in the coding region (codon 110, out of frame) by blunt-end ligation. The pGFP-Aivs-147 and pGFP-Aivs-291 constructs were generated by inserting either a 147 or 291 bp DNA fragment in the AvrII site by overlapping PCR; AvrII site is 34 bp downstream of the ACT1 intron. The fragments correspond to overlapping regions of the firefly luciferase gene (see primer sequences in Supplementary). The RpL11B and the CYH2 genes were amplified from yeast genomic DNA or cDNA while the nonsense mutations were introduced by overlapping PCR and then cloned into pRS304-DmADH (see primer sequences). Unless otherwise indicated, the strains were isolated from the available Yeast MATalpha Collection (YSC1054). The strains are listed in Supplementary Table 1 and primers in Supplementary Table 2 .
Yeast transformation
Transformations were performed using the lithium acetate method as previously described (41), with minor modifications. In brief, 100 µL of yeast cell pellet (about 10 8 cells per transformation) was resuspended and vigorously vortexed in 360 µL of freshly prepared transformation mix (33% PEG 3350, 100 µg ssDNA, 500 ng plasmid DNA in 0.1 M LiAc), incubated at 30 0 C for 20 minutes, and then heat shocked at 42 0 C in a water bath for 45 minutes. After heat shock, the yeast cells were pelleted by centrifugation, at 5000 rpm for 1 min, washed once with 1 mL of sterile water, resuspended in 1 mL of the same and 1/10 to 1/5 of it was spread on the selective Synthetic Drop-out Media plate (Formedium, UK). The plates were typically incubated at 30 0 C for 2 days until transformants colonies reached up to 0.5 mm in diameter.
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Northern blot assay
Total RNA was typically extracted from 10 mL cell cultures grown to 1-2 OD 600 , using hot acid phenol method as described (42). RNA was separated on 1.2% agarose gels in the presence of formaldehyde. RNA was blotted overnight by capillary transfer onto a nylon membrane (Hybond-N, GE Healthcare) and hybridized with 32 P random primed labelled probes as described (43). Probes were PCR amplified from plasmid clones (GFP and DmADH)
or from genomic DNA (rpL32). Radioactive membranes were imaged using a phosphorimager (Molecular Image TM -FX, Bio-Rad), and the intensity of bands calculated using the Quantity One software (Bio-Rad).
Luciferase assay
Yeast culture densities were adjusted to 1 OD 600 . Then, 10 µL of each culture was mixed with 15 µL of sterile purified water and loaded onto a 96-well microtiter plate which contained 25 µL of Steady-Glo luciferase substrate solution (Promega) in each well.
Chemiluminescence was measured in triplicates of each culture using a microplate reader (Tecan). Relative GFP mRNA levels were quantified by real-time qRT-PCR with primers spanning the exons junction specific for the spliced transcript (GFP.Qs.rev and GFP.Q.fow, . CC-BY-NC-ND 4.0 International license not peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was . http://dx.doi.org/10.1101/149245 doi: bioRxiv preprint first posted online Jun. 12, 2017; units of extracts blanked with lysis buffer were loaded on 11 mL of a linear 10%-50% sucrose gradient (prepared in 20 mM HEPES pH 7.4, 2 mM magnesium acetate, 2 mM MgCl 2 , 100 mM potassium acetate) and centrifuged at 38,000 rpm for 2 h and 40 min in a SW40Ti rotor (Beckman). After centrifugation, fractions (typically 0.9 mL) were recovered from the bottom of the tube using a capillary cannula attached to a peristaltic pump and absorbance was monitored during fractionation using a UV monitor with flow-cell equipped with a 254-nm filter (UA-6, Teledyne ISCO). Fractions were precipitated by adding 1/10 volume of 100% trichloroacetic acid (TCA), vortexing, over-night incubation at 4°C which was followed by centrifugation at maximum speed for 30 min in a microfuge. The supernatant was then carefully removed and the precipitate was washed twice in ice-cold acetone and centrifuged for 2 min at 4°C; the pellet was analyzed by standard SDS-PAGE and Western blotting using anti-GFP polyclonal antibody (AbD Serotec).
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Results
Splicing enhances NMD in S. cerevisiae
Initially, we assessed whether splicing affects NMD in S. cerevisiae by examining the expression of GFP NMD reporters with or without an intron (Fig 1A and Material and Methods). A PTC was introduced at codon positions 6 (PTC6) or 140 (PTC140); PTC6 being early in the coding region was expected to induce strong NMD based on previous observations, while PTC140, being in the second half of the ORF, should be much less effective in the absence of an intron (30,40). Three introns, derived from the ACT1, CYH2
and UBC4 genes, were examined; all are efficiently spliced both in vitro and in vivo (44-46).
The intron-containing reporters, in which the intron was inserted at codon position 110 ( Fig   1A) , are designated here by the suffixes A-ivs, C-ivs and U-ivs, carrying the ACT1, CYH2 and UBC4 introns respectively. All of the PTC-less reporters produced intense GFP fluorescence (Fig 1B) , indicating that all introns are efficiently and correctly spliced. As expected, no fluorescence was detected in any of the strains transformed with the PTC-containing (PTC+) reporters. Bands of the size expected for spliced mRNAs were detected by Northern blotting (Fig 1C-1N ). The pre-mRNA band is also visible in the A-ivs reporter, and C-ivs in particular, however, its intensity is weak relative to the spliced band. It is possible the introns are not spliced as efficiently in this sequence context as in the gene of origin. Both introns are close to the 5' end in the endogenous pre-mRNAs, and it has been reported that splicing becomes inefficient when introns are placed further downstream from the 5' end (47). In contrast, splicing of U-ivs, which is also close to the 5' end in the endogenous pre-mRNA, appears to be very efficient at this position, as we detected no pre-mRNA accumulation, consistent with the U-ivs intron being one of the most efficiently spliced introns in vitro (44). U-ivs is 95 nt long (vs. A-ivs and C-ivs which are 309 nt and 501 nt, respectively); while such a slightly longer pre-mRNA band might be difficult to detect on the Northern blot, only the fragment corresponding to spliced transcript could be detected by RT-PCR. With respect to NMD, PTC6, as predicted, caused a strong mRNA reduction regardless of the presence of an intron ( Fig 1C) ; in contrast, PTC140 induced strong NMD only in the reporters carrying either the Aivs or C-ivs (Fig 1D and E) . The shorter and apparently more efficiently spliced U-ivs intron lead to a moderate NMD enhancement as the PTC140 mRNA level is reduced only to ~ 60% of that of the PTC-less control (Fig 1F vs. 1C ). As expected, the relative levels of the PTC+ .
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To examine the effect of splicing on NMD further, we generated additional reporters derived from two endogenous intron-containing genes, CYH2 and RPL11B (Fig 2) . In these, a PTC was introduced either downstream (CYH2) or upstream of the intron (RPL11B), and corresponding intron-less constructs were generated via cDNA cloning (Fig 2A) . To allow Next, we assessed whether the effect on NMD depends on the distance between an intron and a PTC. Two additional constructs were examined in which a spacer of either 147bp or 291bp was inserted at codon position 120 to lengthen the distance between the intron (at position 110) and the NMD-inducing PTC at position 140 (Fig 3A) . We found that the presence of a spacer clearly suppresses the ability of the intron to enhance NMD. The level of mRNA of the initial reporter without a spacer (PTC140-Aivs) was ~27% of the PTC-less . CC-BY-NC-ND 4.0 International license not peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was . http://dx.doi.org/10.1101/149245 doi: bioRxiv preprint first posted online Jun. 12, 2017; control (Fig 3B, lanes 1-2) . In contrast, neither of the spacer-containing constructs undergo NMD: the mRNA level of the shorter spacer (PTC140-Aivs-147) was 96% of the PTC-control, while it was ~110% of the longer spacer (PTC140-Aivs-291). The results indicate that an intron must be relatively close to a PTC for splicing to enhance NMD. The distance between the intron and the PTC was 90 nt in the NMD-sensitive construct, while it was 243 nt and 387 nt in the two longer constructs (Fig 3B) .
Prp17 is required for splicing-dependent NMD and co-fractionates with monosomes
To gain insight into what the mechanism that links splicing to NMD might be, we screened 33 viable S. cerevisiae strains containing deletions in known or predicted splicing factors as well as proteins predicted to interact with one of the upf proteins. These were tested along the three known upf deletion strains; all were isolated from the commercially available Yeast MATalpha collection (Supplementary Table 3 and Material and Methods). The strains were blindly relabeled and transformed with a centromeric plasmid construct expressing GFP with or without a PTC or C-ivs intron (Fig 4A) . The intron-less reporters carrying PTC6 were used to examine splicing-independent NMD, while PTC140-Civs was used as a reporter of splicing-dependent NMD. By means of Northern blotting we identified six strains with an apparent NMD-suppression phenotype. Three of these correspond to UPF1∆, UPF2∆ and UPF3∆, as expected (Fig. 4 B-E) ; the others were deletions of PRP17, CWC21 and LSM6 (Fig.   4 F-H) . Although the level of spliced mRNA is, as expected, lower than that of the intron-less reporter in some of the mutants, clearly, the presence of PTC140 does not reduce its level to the extent that it does in wild-type; thus indicating NMD suppression in these mutants. A similar NMD suppression phenotype was seen with the intron-less PTC6 reporter in all but one mutant. The exception was PRP17∆, in which the level of the spliced PTC140 mRNA was comparable to the PTC-less control, while that of PTC6 was clearly unaffected, showing as strong NMD as in the wild-type strain (Fig 4F, lanes 3-4 vs. 1-2 ). Similar constructs carrying the A-ivs intron instead of C-ivs were also tested. Their analysis revealed similar mRNA expression patterns; both splicing-dependent and splicing-independent NMD was suppressed in UPF1∆ and CWC21∆ but, as shown above, in PRP17∆ only the level of the spliced PTC140 mRNA was increased ( Supplementary Fig 1) . The interpretation is that Prp17 might be selectively involved in linking splicing to NMD.
. CC-BY-NC-ND 4.0 International license not peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was . http://dx.doi.org/10.1101/149245 doi: bioRxiv preprint first posted online Jun. 12, 2017; As NMD strictly depends on translation, we examined whether Prp17 associates with ribosomal fractions. Following standard whole-cell sucrose gradient fractionation, we found that a portion of GFP-tagged Prp17 co-sediments with ribosomal subunits and monosomes, and to a smaller extent, polysomes ( Fig 5B) ; such distribution patterns parallel those of similarly tagged Upf1 and Upf2 (Fig 5C and 5D ) but differ from those of Upf3p-GFP, which are also apparent in polysomal fractions (Fig 5E) . Cwc21-GFP was instead detected only in lighter sub-ribosomal fractions, as expected (Fig 5F) . Although we cannot exclude that sedimentation of Prp17 and other proteins examined is partially affected by GFP tagging, the data indicate that a fraction of Prp17 might associate with actively translated mRNA or ribosomal subunits directly.
Finally, we considered whether the enhancing effect of splicing on NMD might be an indirect consequence of increased translation efficiency of spliced mRNA. We generated reporters in which the firefly luciferase coding sequence was fused to that of GFP, which was either intron-less or carrying Aivs or Civs (Fig 6A) . Level of mRNA and luciferase were quantified in parallel to estimate translation yield (Fig 6B-C) . We found that the spliced mRNA deriving from reporter containing the A-ivs intron appears to be translated more efficiently in wild type and some of the mutant strains, yet translation yield of the construct with the C-ivs intron, which similarly enhanced NMD, increased only slightly in wild type and is reduced in some of the mutants (Fig 6C) . Therefore, while spliced mRNA might be translated more efficiently in wild-type and some of the mutant strains to a variable extent, the effect does not correlate with either the extent of NMD or its suppression in the mutants. Specifically, translation yield in PRP17∆ is clearly similar between intron-containing and intron-less reporters and comparable to that in wild-type (Fig 6C) .
Discussion
As discussed, only nonsense mutations at the beginning of the gene lead to apparent NMD in S. cerevisiae, such polarity is not typically seen, or it is limited to the 3' terminal exon, in mammalian cells (16). Lack of polarity is linked to the presence of one or more introns downstream of a PTC which, via deposition of the EJC, is understood to trigger NMD regardless of the distance of the PTC from either end of the transcript in mammalian cells (25). There is no evidence of an EJC in S. cerevisiae, and out of the few genes that have introns (~5%), the vast majority (~97%) contain a single intron located very close to the start of the coding region (48). It was therefore envisaged that there would not be any mechanism linking splicing and NMD in this organism. On the contrary, here we have shown that inserting an intron in a gene harboring a late PTC causes apparent NMD in S. cerevisiae as well. We examined constructs with different introns, either upstream or downstream of a PTC and at different distances, and found that an intron can enhance NMD regardless of whether it is located before or after the PTC. One determinant of strong NMD appears to be the vicinity of the intron to the PTC, while another might be intron length. Of the three introns we examined, the most effective at enhancing NMD were the long ACT1 and CYH2 introns, whereas the least effective was the shortest UBC4 intron. This first set of observations confirms what has been reported in S. pombe (30); it is also consistent with the report that splicing-dependent NMD appears to be independent of EJC deposition in the protozoan Tetrahymena (49); and shows that all eukaryotes are likely to have mechanism(s) linking splicing to translation and NMD.
The outstanding question is how these mechanism(s) operate. The lack of Y14 and MAGO homologues in S. cerevisiae makes it unlikely that an EJC-like complex can be assembled at splice junctions, for example by stabilization of eIF4AIII binding on mRNA via protein interactions other than those described for the EJC in mammalian cells (50). Moreover, eIF4AIII is likely to bind nascent RNA independently of splicing in yeast, as it has been reported for Drosophila (51). The co-sedimentation of Prp17 with ribosomal fractions and monosomes, could be interpreted as an indication that this protein remains associated with the mRNA after splicing and during nuclear export like the EJC, until the ribosome removes it in the initial round of translation in the cytoplasm. However, such a model fails to explain that an intron can also enhance NMD when located upstream of the PTC, as any complex 12, 2017; associated with the exon junction will have to be removed by the ribosome before reaching the PTC, given the diameter of the mRNA tunnel (52,53). Moreover, contrary to general expectations monosomal mRNA appear to be fully translated by a single ribosome in S. cerevisiae, rather than being at the initiation stage (54). While the role of Prp17 in the process remains to be defined, this protein appears to be specifically required for splicingdependent NMD; unlike the two other splicing factors we have identified, for which the mutants NMD suppression phenotype might be a secondary consequence of other changes in either mRNA stability or splicing (55). Notably, Prp17 is thought to be involved in the second step of splicing (56,57); possibly of introns that, like those of ACT1 and CYH2, are longer than average, based on some studies (58-60).
In summary, our data demonstrate that splicing can also enhance NMD in S. cerevisiae and suggest that a lack of nearby introns is the main factor that stops late PTCs from causing strong NMD in this organism, rather than proximity to PABPC (34); therefore further questioning what the mechanisms and significance of NMD in general are (9) . The finding that Prp17 is only required for splicing-dependent NMD suggests that this is a mechanistically distinct process from standard cytoplasmic NMD, and we would like to propose that splicing-dependent NMD is caused by a direct contact that Prp17 mediates between the ribosome and the spliceosome (61).
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